INTRODUCTION
Geminiviruses are plant viruses characterized by circular, single-stranded DNA genomes and twinned icosahedral virions (18630 nm) (Stanley et al., 2005) . Based on genome organization, host range and insect vector, geminiviruses are divided into four genera: Mastrevirus, Curtovirus, Topocuvirus and Begomovirus . Begomoviruses are transmitted by whiteflies [Bemisia tabaci (Gennadius)] and usually possess a bipartite genome of two approximately 2.7 kb DNA components, designated DNA-A and DNA-B. Monopartite begomoviruses are also known to occur in the Old World (Navot et al., 1991; Dry et al., 1993; Muniyappa et al., 2000; Chatchawankanphanich & Maxwell, 2002; Chakraborty et al., 2003a, b) .
Tomato leaf curl disease is considered to be one of the major constraints in cultivation of tomato throughout the world (Chakraborty et al., 2003a, b) . Tomato leaf curl disease is caused by viruses belonging to the genus Begomovirus (Padidam et al., 1995; Muniyappa et al., 2000; Chakraborty et al., 2003a, b) . The DNA-A component encodes six proteins: AV1, the coat protein; AV2, the pre-coat protein; AC1, the essential viral replication-associated protein (Rep) (Laufs et al., 1995) ; AC2, the transcriptional activator of virion-sense AV1 and BV1 open reading frames (Sunter & Bisaro, 1991 ; AC3, the replicational enhancer, which enhances the efficiency of viral replication (Sunter et al., 1990) ; and AC4, which is putatively responsible for symptom expression (Van Wezel et al., 2002) . DNA-B encodes two movement proteins, BV1 and BC1, required for local cell-to-cell movement of the virus and long-distance movement through the phloem (Sanderfoot & Lazarowitz, 1996) . The genes on each genomic component are transcribed bidirectionally from a~200 nt common region (CR) with high sequence identity (90-100 %). The CR contains promoters and sequence elements required for DNA replication and transcription (Eagle et al., 1994; Laufs et al., 1995; Chatterji et al., 1999 Chatterji et al., , 2000 .
Representatives of several species of tomato leaf curl viruses (ToLCVs) are known to cause tomato leaf curl disease in India. From northern India, isolates of tomato leaf curl New Delhi virus from New Delhi (ToLCNDV-[IN:ND:Svr:92]) (Padidam et al., 1995) and from Lucknow (ToLCNDV-[IN: Luc:]) (Srivastava et al., 1995) are reported to be bipartite in nature. Isolates of the species Tomato leaf curl Bangalore virus from Bangalore (Muniyappa et al., 2000) and Tomato leaf curl Karnataka virus from Karnataka (Chatchawankanphanich & Maxwell, 2002) in southern India apparently possess only the DNA-A component. Recently, an isolate of a novel species, Tomato leaf curl Gujarat virus, has been reported from ), which is monopartite/ bipartite in nature (Chakraborty et al., 2003b) .
Under natural conditions, mixed virus infections in a single plant could have biological and epidemiological implications. Harrison et al. (1997) suggested the possibility of synergism between isolates of the two cassava begomovirus species, African cassava mosaic virus and East African cassava mosaic virus. Molecular evidence for synergism between the cassava-infecting begomoviruses African cassava mosaic virus from Cameroon (ACMV- [CM:98] ) and East African cassava mosaic virus from Cameroon (EACMV- [CM:98] ) has been demonstrated (Fondong et al., 2000; Pita et al., 2001; Vanitharani et al., 2004) .
Viable pseudorecombinants have been produced in the laboratory by reassortment of the genomic components of closely related virus isolates of ACMV, squash leaf curl virus (SqLCV), tomato golden mosaic virus (TGMV) and bean golden mosaic virus (BGMV) (Stanley et al., 1985; Lazarowitz, 1991; von Arnim & Stanley, 1992; Ingham & Lazarowitz, 1993; Faria et al., 1994) or from isolates of the two species Tomato mottle virus and Bean dwarf mosaic virus (Gilbertson et al., 1993) . However, in no case was pseudorecombination between viruses belonging to two different species shown to lead to a more virulent virus. Here, we report for the first time a more virulent pseudorecombinant and an asymmetric synergism between the components of two virus isolates belonging to distinct begomovirus species of the genus Begomovirus, namely the (Padidam et al., 1995; Chakraborty et al., 2003b) . It should be noted that the severe phenotype is associated with DNA-A of ToLCNDV and not with the DNA-B component (Chatterji et al., 1999) (Tables 1 and 2 ) as described by Chakraborty et al. (2003b) . Test plants were maintained under cycles of 16 h light/8 h dark for 6 weeks, scored for symptoms and analysed for viral DNA.
DNA preparation. Total DNA extraction was carried out from newly emerging leaves of the test plants (L. esculentum cv. Organ Spring, N. benthamiana and N. tabacum cv. Xanthi) as described by Dellaporta et al. (1983) .
PCR. DNA from inoculated plants was screened by PCR with Taq DNA polymerase (Invitrogen). The reaction conditions were: denaturation at 94 uC for 2 min, 30 cycles of 1 min at 94 uC, 1 min at 55 uC and 1 min at 72 uC, and a final extension period of 10 min at 72 uC. Primer pairs specific to VA (GAv50: 59-TAACT-GACAAAGACATGCGGA-39; GAc1122: 59-AACATTTGTAGACAG-TTCAAATAT-39) and VB (GBv74: 59-CTCATCCGATTTGCAAC-ACGT-39; GBc1280: 59-AATTGCATTTTCAAATTCCATGTTCG-TACA-39), and primer pairs specific to NA (NDAv41: 59-TCAA-CCAATGAAATTCACGCTACATGG-39; NDAc1562: 59-CGCGAA-AACATCGCTCTCCCAGAAGAAG-39) and NB (NDBv226: 59-TTT-CACATAAATCAAATTGCCTTCTTTGCTATGTAT-39; NDBc1287: 59-AATAAGATGTTTCTTCTGCATTTTTATATATTA-39) were used for diagnostic amplification, and PCR products were resolved on 1.2 % agarose gels.
Southern blot analysis. Total DNA (4 mg) was fractionated on a 1.2 % agarose gel and transferred to Hybond-N + membrane (Amersham). Viral DNA was detected by hybridizing blots separately using radiolabelled probes of DNA-A and DNA-B specific to either species. For VA, a SacI-SnaBI fragment (nt 2330-934) and for VB a HincII-XcmI fragment (nt 1029-2183) was used as the probe. For NA, a BamHI-EcoRI (nt 133-1701) fragment and for NB a PstI-SapI fragment (nt 2076-1329) was used. The DNA fragments were labelled with [a-32 P]dCTP by random oligonucleotide-primed synthesis (Feinberg & Vogelstein, 1983) . Viral DNA levels were quantified using a PhosphorImager (Molecular Dynamics).
Protoplast replication assay. Protoplasts were prepared from N. tabacum BY2 suspension cell cultures as described previously (Fromm et al., 1986) . Recombinant plasmids (4 mg) containing the respective viral DNA as a tandem dimeric construct and 20 mg herring sperm DNA were mixed and electroporated in 0.8 ml protoplast suspension. After transfection, protoplasts were maintained at 28 uC, and 48 h later total DNA was extracted and subjected to Southern blot analysis as described previously (Vanitharani et al., 2003) . (Fig. 1a , c). More interestingly, symptom severity was enhanced whenever VA was inoculated with NA irrespective of which DNA-B component was present. For example, when VA was mixed with the NA+NB combination the symptoms were severe (Fig. 1b , Table 1 ). Plants inoculated with both components of the two virus species exhibited symptoms at least 2 days earlier than those with either virus alone (Table 1) .
RESULTS

Synergism between ToLCNDV and ToLCGV
To investigate synergism at the level of viral DNA accumulation, Southern blot analysis was conducted with probes specific for each of the four DNA components ( Fig. 2a-d ). The level of NA in plants inoculated with NA+NB was 88 % of that detected for the NA+VB combination ( Fig. 2a , lanes 1 and 2). However, the NA level increased to 1.8-fold when VA was also inoculated along with NA+NB, suggesting a synergistic interaction between VA and NA (Fig. 2a, lanes 2 and 8) . A similar trend was observed when VA was inoculated with NA+VB (2.3-fold increased DNA accumulation) (Fig. 2a, lanes 2 and 7) . Also, the NB level increased 1.9-fold when VA was co-inoculated with NA+NB (Fig. 2b, lanes 1 and 7) . For VA, however, a different result was observed, in which the VA level was reduced by 58 % when it was co-inoculated with NA compared with the wild-type combination (Fig. 2c , lanes 5 and 7). VB also increased (8-fold) when it was inoculated with VA+NA, rather than VA alone (Fig. 2d, lanes 4 and 8) . (Table 2 ). In N. benthamiana, symptoms appeared as downward leaf curling by 6 days post-inoculation (p.i.), which later developed into typical downward and upward leaf curling, enlarged veins, puckering of the leaves with interveinal chlorosis and stunted growth at 14 days p.i. (Fig. 1d ; Table 2 ). Yellowing of leaf lamina, leaf curling and leaf surface reduction along with stunted growth occurred in tomato (Fig. 1e, Table 2 ) and severe mosaic and vein banding symptoms occurred in tobacco (Table 2) .
Disease symptoms in ToLCNDV-[IN:ND:Svr:92]-infected N. benthamiana plants appeared by 5 days p.i. (Fig. 1h) . Later, leaf curling, yellowing of leaf lamina and mottling symptoms were observed (Fig. 1d, Table 2 ). Typical leaf curl symptoms along with yellowing of leaf lamina and stunting were also observed in tomato infected by ToLCNDV-[IN:ND:Svr:92] (Fig. 1e, Table 2 ). ToLCNDV-[IN:ND:Svr:92] could also infect tobacco and symptoms appeared at 6 days p.i. (Table 2 ).
More severe systemic symptoms on N. benthamiana and tomato appeared 1-2 days earlier upon inoculation with the pseudorecombinant NA+VB. All N. benthamiana plants showed symptoms of leaf curling at 4 days p.i., which finally developed into severe mosaic mottling, leaf distortion, chlorosis and bleaching of leaf lamina, and stunted growth ( Fig. 1d, f ; Table 2 ). Similar symptoms occurred in tomato and tobacco (Fig. 1e, Table 2 ). Unlike NA+VB, VA+NB displayed mild symptoms in N. benthamiana, tomato and tobacco (Table 2 ).
For each virus/host combination, including the one that failed to show distinguishable disease symptoms, all inoculated plants were examined for infection by PCR analysis with specific primers (Table 2 ). In the case of the pseudorecombinant VA+NB, symptomless infections were detected in all three plant species tested. For example, in N. benthamiana, only 69 % of the inoculated plants showed symptoms but 92 % were infected, based on PCR analysis (Table 2) (Table 2) . However, for the other pseudorecombinant/host combination (VA+NB), which resulted in symptomless infection, only the DNA-A component was detected in some plants. For example, VA was detected in 12/13 N. benthamiana plants inoculated with VA+NB, whereas NB was detected in only nine of these plants. Fig. 1(h) shows the symptom severity in N. benthamiana for wild-type and pseudorecombinant combinations. It was evident that symptoms were severe and appeared earlier when the pseudorecombinant (NA+VB) was inoculated compared with the wild-type virus ToLCNDV- (Fig. 2a, lanes 1 and 2;  Fig. 2c, lanes 4 and 5) . However, accumulation of VB and NB was higher in the presence of NA than VA (Fig. 2b, d ).
In case of the virulent NA+VB pseudorecombinant, it was observed that accumulation of VB was 4.5-fold higher than the homologous VA+VB combination (Fig. 2d , lanes 2 Fig. 2e, lanes 1 and 2) . These results showed that VB was efficiently trans-replicated and accumulated more in the presence of NA than in the presence of its cognate DNA-A. Also, accumulation of VA was 10-fold higher in plants in which DNA-B was also detected compared with plants with only DNA-A (Fig. 2f) . From these results, it is clear that the severe phenotype is associated with an increased level of DNA-B accumulation in plants.
Replication of viral DNA components in tobacco protoplasts
To investigate whether the virulence of the pseudorecombinant accompanied by higher levels of viral DNA accumulation was due to efficient replication, we performed tobacco protoplast-based replication assays. Protoplasts generated from suspension cultures of N. Replicative viral DNAs were detected as supercoiled circular and single-stranded DNA. Replicative DNA-A of either VA or NA was always detected (Fig. 3a, b) , as was DNA-B (NB or VB) when transfected along with either of the DNA-A components (VA or NA) (Fig. 3c, d) . The results were consistent with the infectivity data of the pseudorecombinants in plants. The level of NA increased 1.97-fold in the presence of VA (Fig. 3a, lanes 1 and 3) . Similarly, the level of NA also increased more than 2-fold in the combinations NA+VA+NB and NA+VA+VB compared with NA+NB and NA+VB, respectively (Fig. 3a, lanes 2, 4, 6 and 7) . This clearly indicated the synergistic role of VA in enhancing DNA accumulation in the combinations tested. However, the level of VA remained unchanged in all of the combinations tested, indicating that VA replication is not enhanced (Fig. 3b,  lanes 1-6) . In the case of NB, replication increased~1.7-fold when VA was transfected along with NA+NB compared with NA+NB alone, whilst NB accumulation was reduced by 48 % when trans-complemented with VA (Fig. 3c, lanes 1-3) . Fig. 3(d) shows that VB was transreplicated more efficiently (~3-fold) with NA than with VA (lanes 1 and 2) . Similarly, the combination of VA+NA caused a dramatic increase in VB accumulation (~5.4-fold) compared with VA alone (Fig. 3d, lanes 1 and 3) . Sequence identity between the CR of VB and the CRs of ToLCNDV are 83 % with NA and 86 % with NB. However, the CRs of VA and VB are only 61 % identical. The lowest sequence identity (52 %) was observed between the CRs of VA and NB. A multiple alignment of the CRs and intercistronic regions of isolates of these two species revealed that the genomic components of ToLCNDV and VB have similar iteron (in bold) sequences (GGTGTCTGGAGT) (Fig. 4) . In contrast, the iterons of DNA-A of ToLCGV-[IN:Var:01] and ToLCNDV-[IN:ND:Mld:92] are GGTGTATTGGAGT and GGCGTCTGGCGT, respectively. The only difference between the CR of the DNA-A of the two species is found in the spacer sequence (underlined) between the two iterons, which is 2 nt in the case of ToLCNDV and 3 nt in ToLCGV (Fig. 4) . We previously also observed the presence of a third identical iteron at the 59 end of the CRs (Chakraborty et al., 2003b) . The CR of VA, when compared with VB, NA and NB, shares more than 85 % identity in the first 80 nt, whereas the region between the TATA box and the hairpin loop is below 50 % (Chakraborty et al., 2003b) (Fig. 4) .
Inoculation of VB with ToLCNDV-[IN:ND:Mld:92]
To investigate whether the pseudorecombinant between ToLCNDV-[IN:ND:Mld:92] (NAm) and VB could infect N. benthamiana and tomato, tandem dimeric constructs of these two genomic components were mixed together and inoculated into both species by biolistic delivery. Systemic symptoms in N. benthamiana plants appeared as small yellow spots on leaf lamina at 16 days p.i., later developing into mosaic mottling, leaf curling and chlorotic spots (Fig. 1g) . A total of 6/15 N. benthamiana plants tested showed symptoms, whilst NAm+NB did not induce any symptoms. Southern blot analysis revealed that VB accumulation in plants infected with NAm+VB was 25 % of that for the VA+VB combination, indicating that NAm did not facilitate efficient replication of VB but nevertheless allowed it to occur (Fig. 2g, 30 days p.i. ). Replication assays in protoplasts supported the data from plant infections and confirmed that NAm can replicate VB. VB accumulated to 50 % in the presence of NAm compared with VA, as shown by Southern blot analysis (data not shown).
DISCUSSION
To examine whether synergism exists between members of two distinct begomovirus species causing tomato leaf curl , protoplast replication assays were conducted. It was observed that association with VA resulted in an increased level of NA due to enhanced replication of this component. It was also observed that VB was trans-replicated more efficiently (3-fold) in combination with NA than with its own DNA-A, VA. In contrast, VA did not support efficient replication of NB (52 % accumulation). The synergistic role of VA and NA, resulting in a much higher level of NA, in turn caused more efficient replication of the DNA-B components, particularly VB, resulting in greater viral DNA accumulation and consequently more severe symptoms in the systemically infected leaves.
Synergism between members of two distinct geminivirus species has been demonstrated previously (Harrison et al., 1997; Fondong et al., 2000; Pita et al., 2001) . However, no information about pseudorecombination between the components of different isolates of two begomovirus species causing leaf curl disease of tomato is currently available and synergism between such isolates has not been demonstrated. Here, we have shown that synergism between two geminiviruses infecting tomato resulted in an increase in viral DNA accumulation and symptom severity. In addition, we demonstrated the occurrence of a more virulent pseudorecombinant between members of the two species, which may explain the sudden breakdown of resistance in tomato cultivars and the development of epidemics in tomato-growing areas in India. Recently, we The synergism between the two viruses increases the amount of both viruses in the systemically infected leaves and enhances their chance of transmission. As a consequence, doubly infected plants have considerable potential as a source of inoculum for both viruses, and whiteflies feeding on such plants would therefore more easily acquire and transmit both viruses, providing another source of geminivirus biodiversity.
The synergism is similar to that observed for potyviruses, which mediate the accumulation of potexviruses, comoviruses and machlomoviruses, although their levels remain relatively unchanged during mixed infections (Damirdagh & Ross, 1967; Calvert & Ghabrial, 1983; Goldberg & Brakke, 1987; Vance, 1991; Vance et al., 1995) . Synergism between isolates of two cassava-infecting geminiviruses, ACMV and EACMV, has been observed and the genes mediating synergism have been identified (Fondong et al., 2000; Pita et al., 2001; Vanitharani et al., 2004) . Synergism between ACMV and East African cassava mosaic Cameroon virus (EACMCV) is a two-way process, as the presence of the DNA-A component of ACMV or EACMCV enhanced the accumulation of viral DNA of EACMCV and ACMV, respectively, in tobacco BY2 protoplasts (Vanitharani et al., 2004) . ACMV AC4 and EACMCV AC2, the putative synergistic genes, are able to suppress post-transcriptional gene silencing (Vanitharani et al., 2004) . In the present study, we demonstrated that NA and NB accumulation was Virulent pseudorecombination and synergism among ToLCVs also increased due to synergism, whilst the level of VA remained unchanged or decreased, indicating a unique asymmetric interaction.
All of the pseudorecombinants were infectious in their field host, tomato, as well as in the common laboratory hosts N. benthamiana and tobacco. Symptoms observed by inoculating the pseudorecombinant NA+VB were much more severe in comparison with the wild-type virus isolates. The latent period before the onset of symptoms was also reduced by 2-6 days. We observed a strong positive correlation between symptom severity and viral DNA accumulation, suggesting that VB was trans-replicated more efficiently by NA than by VA. In contrast, symptom severity was less and the test plants took longer to develop symptoms when the VA+NB combination was used. The symptom severity pattern of the supervirulent pseudorecombinant between NA+VB was very different compared with both NA+NB and VA+VB infections. PCR analysis confirmed the presence of the expected DNA-A and DNA-B components in each experiment and the absence of potential contamination with homologous components. In some plants inoculated with VA+NB, only DNA-A was detected. It is relevant to mention here that some viruses such as tomato yellow leaf curl Thailand virus have the capacity to induce symptoms with component A alone, whilst others like ToLCGV can replicate and move but do not induce symptoms, as observed here (Fig. 2f) . (Stanley et al., 1985) . For other begomoviruses [e.g. Dominican Republic (DR) and Guatemalan (GA) isolates of BGMV, common and severe strains of TGMV, and SqLCV isolates with broad and restricted host ranges], exchange of genomic components resulted in infectious pseudorecombinants (Lazarowitz, 1991; von Arnim & Stanley, 1992; Ingham & Lazarowitz, 1993; Faria et al., 1994) and induced symptoms resembling wild-type infections, except for BGMV-[DR] DNA-A and BGMV-[GA] DNA-B, which produced delayed and attenuated symptoms (Faria et al., 1994) . In the latter case, the heterologous combinations may not interact as efficiently as the homologous combinations. However, in no case was a more virulent pseudorecombinant demonstrated. The viable nature of these pseudorecombinants was attributed to the highly conserved nature of AC1 and the CR, and also to identical iteron sequences. A highly specific interaction between the Rep proteins of mild and severe strains of ToLCNDV and their cognate iteron sequences also demonstrated the intimate relationship between these elements and the consequence in terms of DNA accumulation and symptoms (Chatterji et al., 1999 (Chatterji et al., , 2000 . This lead to the concept that matching N-terminal amino acid sequences of the Rep protein and iteron sequences are required for efficient replication and consequently a severe symptomatology. It also supported the species concept, with the exception of recombinants in these regions, where these two elements differ between species. In this respect, it is surprising to find a field isolate of a very severe virus such as ToLCGV-[IN:Var:01] having a CR sharing onlỹ 60 % identity between the DNA-A and DNA-B components, although their iterons are identical, differing only in the numbers of spacing nucleotides.
An important result described in this paper is the evidence of a more virulent pseudorecombinant provided by VB when co-inoculated with NA. This DNA-B component is highly similar to NB (they share 80 % overall nucleotide identity and their CRs are 86 % identical) (Chakraborty et al., 2003b) . One of the characteristics of plants infected with the NA+VB pseudorecombinant was an increased level of VB accumulation. The replication assays conducted in tobacco BY2 cells supported the hypothesis that VB replication was more efficient for this pseudorecombinant. This is presumably due to a more efficient interaction of (Chakraborty et al., 2003b) . We have shown that the pseudorecombinant VA+NB is poorly infectious in N. benthamiana, tomato and tobacco plants, presumably due to the low sequence identity in their CRs (52 %), which may result in inefficient interaction of the ToLCGV-[IN:Var:01] Rep protein with the heterologous DNA-B CR. However, it is interesting to note that the iterons of both DNA-B components are identical, and that there are only single-nucleotide differences between the two CRs.
In conclusion, we have reported for the first time synergism between two tomato leaf curl geminiviruses occurring in India. We conclude that exchange of genomic components of the members of two distinct species of begomoviruses causing tomato leaf curl disease in India can form infectious pseudorecombinants, and furthermore that the heterologous pseudorecombinant NA+VB is more virulent than the original homologous virus composition. In addition, NA is able to replicate and move VB very efficiently, despite the non-matching iterons (Chatterji et al., 1999 (Chatterji et al., , 2000 . This clearly indicates that a perfect match between the N-terminal Rep sequence and the iteron sequences is not the determining factor in this case. This suggests that there are other factors that compensate a non- 
